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INTRODUCTION

We have previously demonstrated that short-term exposure of rats to genistein, a soy
phytoestrogen, early in postnatal life suppressed chemically-induced mammary cancer in adult
rats (1, 2). This novel finding supports the epidemiological reports that Asian women consuming
a traditional diet high in soy products have a low incidence of breast cancer (3-6). Furthermore,
adjustment for migration rates of Asians to the U.S. revealed that the second, but not the first,
generation lose this protection (6, 7). This suggests that exposure to soy early in life confers life-
time protection against breast cancer. Since short-term genistein treatment early in postnatal life
exerted long-term protection against chemically-induced mammary cancer, we have hypothesized
that genistein caused this effect via an imprinting mechanism. For this research, we proposed to
investigate 1) the potential of adult genistein treatment to alter susceptibility for breast cancer
and 2) DNA methylation of estrogen receptor genes as the molecular mechanism of action.

BODY

Specific Aim 1) To determine the risk of mammary cancer from adult exposure to
genistein. This was investigated in the rat-DMBA mammary cancer model.

In the first experiment, we have investigated 2 groups of rats fed AIN-76A diet since parturition,
and treated with DMBA on day 50. At day 100 postpartum (shortly after the first tumors can
be palpated), we switched one group to 250 mg genistein/kg AIN-76A diet. The results showed
no significant difference in tumor formation or adenocarcinoma development. We concluded that
1) rats not exposed to genistein prepubertally do not receive protection from genistein after
tumors have developed, 2) genistein does not promote existing mammary tumors, and 3) that
genistein exposure must occur prepubertally to exert a chemopreventive effect.

In the second tumorigenesis experiment, we investigated the potential of a combination of
prepubertal and adult genistein exposure to protect against DMBA-induced mammary cancer.
The purpose of this experiment was to determine if early critical exposure (prepubertal) to
genistein would influence how the adult animal would respond to future genistein treatment.
Group 1 was fed AIN-76A diet containing 250 mg genistein/kg diet, starting from parturition
through day 21 only, and then AIN-76A onward (Gen/DMBA/Zero). Group 2 was fed the
genistein diet from parturition through day 21, then AIN-76A only through day 100 postpartum
and then from day 100, the genistein-containing diet (Gen/DMBA/Gen). Group 3 consisted of
rats exposed to AIN-76A diet throughout the study (Zero/DMBA/Zero). All animals received 80
mg DMBA/kg BW at day 50. As seen in Figure 4 of reference 8 (enclosed publication),
prepubertal genistein only exposure (Gen/DMBA/Zero) provided protection against DMBA
induced mammary cancer (Zero/DMBA/Zero), confirming our previous work (1, 2).
Furthermore, genistein fed to adult rats already exposed to genistein prepubertally
(Gen/DMBA/Gen) resulted in an added level of protection compared those exposed to genistein
prepubertally only (Gen/DMBA/Zero).




Please note that Figure 4 of reference 8 (enclosed publication) contains final data with more
animals (25 rats/group) compared to the preliminary data presented in our 01 DOD report.

Specific Aim 2) To investigate genistein imprinting by methylation of estrogen receptor
(ER) genes as the mechanism for mammary cancer prevention.

This aim has proven to be more difficult. First, Dr. Wang, who was working on this project,
assumed new responsibilities and, 2) we have not been able to obtain the sequence of the ER-beta
promoter. The personnel problem has be rectified. Dr. Nadejda Lopatina, who has specific
experience with DNA methylation studies has been hired to replace Dr. Wang. A copy of her
biographical sketch is enclosed. To date, she has demonstrated that DNA-methyltransferase
activity using calf thymus DNA as substrate is increased in mammary glands of rats treated with
genistein. In a preliminary experiment (in 2 samples only) measuring methyltransferase activity,
with non-methylated oligonucleotide template as substrate, no change in enzyme activity (de
novo methylation) was noted. On the other hand, using hemi-methylated DNA as substrate (a
60-mer oligonucleotide template containing CpG sequence), there was a 49% increase in DNA
methylation. The latter assay is reflective of remethylation of already existing methylated DNA.

Methyltransferase Activity (cpm/ ug protein)

Treatment Calf Thymus DNA Non-methylated DNA Hemi-methylated DNA
Control 725 +£20 2303 2407
Genistein 974 + 21 (p<0.05) 2320 3582

Should the increased methylation activity translate into increased methylation of the ER-alpha
receptor, this would confirm our hypothesis that down-regulated ER-alpha protein occurs as a
consequence of gene silencing, an imprinted mechanism to explain genistein chemoprevention.

KEY RESEARCH ACCOMPLISHMENTS

1) Dietary genistein given to adult female rats after tumors were initiated did not alter the
multiplicity of mammary tumors. This can be interpreted as genistein not exerting a
chemotherapeutic effect on existing tumors, and genistein not exacerbating development of
previously existing mammary tumors.

2) On the other hand, dietary genistein to adult rats exposed prepubertally to genistein provides
additional protection against mammary cancer. Prepubertal genistein exposure appears to
“imprint for additional adult genistein chemoprevention.

3) Preliminary studies indicate that genistein treatment increases DNA methyltransferase activity
(maintenance methylation), suggesting that DNA methylation and gene silencing may be
molecular mechanism of genistein chemoprevention of mammary cancer.
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REQUEST FOR MODIFICATION

We have not been able to obtain the DNA sequence of the rat ER-beta promoter from Dr. J.-A.
Gustaffson (Karolinska Institute, Sweden) as anticipated, nor does the Gene Bank have it.
Accordingly, we request permission to measure DNA methylation of the ER-alpha gene
promoter only.

Because of the delay in personnel appointment and in measuring DNA methylation of the ER-
alpha promoter, we have requested and received a no cost extension by UAB and DOD to
complete the work. The samples have been generated and are frozen, waiting to be processed.

CONCLUSIONS

We conclude that dietary genistein in adult life is only effective in protecting against chemically-
induced mammary cancer if the female mammary gland has already been imprinted prepubertally.
Our measurement of DNA methyltransferase activity suggest that genistein chemoprevention
may be due to DNA methylation and gene silencing.
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Fourth International Symposium on the Role of Soy in
Preventing and Treating Chronic Disease

Genistein Chemopreventlon' Timing and Mechanisms of Action in Murine
Mammary and Prostate’-

Coral A. Lamartiniere,*™ Michelle S. Cotroneo,* Wayne A. Fritz,* Jun Wang,*
Roycelynn Mentor-Marcel*** and Ada EIgawshT**

*Department of Pharmacology and Toxicology, University of Alabama at Birmingham Comprehensive Cancer
Center, and the **Department of Genomics and Pathology, University of Alabama at Birmingham,
Birmingham, AL 35294

ABSTRACT We investigated the potential of genistein, the primary isoflavone of soy, to protect against breast and
prostate cancers in animal models. For mammary cancer studies, Sprague-Dawley rats were fed AIN-76A diet
+ 250 mg genistein/kg diet. Dimethylbenz[a]anthracene was administered by gavage at d 50 postpartum to induce
mammary tumors. Mammary cancer chemoprevention was demonstrated after prepubertal and combined prepu-
bertal and adult genistein treatments but not after prenatal- or adult-only treatments, demonstrating that the timing
of exposure to genistein is important for mammary cancer chemoprevention. The cellular mechanism of action was
found to be mammary gland and cell differentiation, as shown by whole-mount analysis and 8-casein expression.
An imprinting effect was shown for epidermal growth factor receptor expression in mammary terminal end buds.
For prostate cancer studies, we used two models. The first was a chemically (N-methylnitrosourea) induced
prostate cancer rat model. Genistein in the diet inhibited the development of invasive adenocarcinomas in a
dose-dependent manner. The second model was a transgenic mouse model that resulted in spontaneously
developing adenocarcinoma tumor of the prostate. Genistein in the diet reduced the incidence of poorly differen-
tiated prostatic adenocarcinomas in a dose-dependent manner and down-regulated androgen receptor, estrogen
receptor-a, progesterone receptor, epidermal growth factor receptor, insulin-like growth factor-I, and extracellular
signal-regulated kinase-1 but not estrogen receptor-g and transforming growth factor-a mRNA expressions. We
conclude that dietary genistein protects against mammary and prostate cancers by regulating specific sex steroid

receptors and growth factor signaling pathways.

KEY WORDS:

Cancer is usually treated at the time of diagnosis, and
chemoprevention is not usually considered until adulthood.
However, because perinatal exposure to hormones and xe-
nobiotics influences breast and prostate development and
cancer, we have hypothesized that exposure to hormonally
active nutritional chemicals during early windows of devel-

* Presented as part of the Fourth International Symposium on the Role of Soy in
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2001. This conference was supported by Central Soya Company; Monsanto; Protein
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Indiana Soybean Board; Cyvex Nutrition; Nichimo international, Inc.; Nutri Pharma
Inc.; Revival Soy; Solbar Plant Extracts Ltd.; Soyatech Inc.; AOCS Press; Dr. Soy
Nutrition; Eurofins Scientific/Product Safety Labs; and Optimum Nutrition. This pub-
lication was supported by (in alphabetical order) the Indiana Soybean Board, the
Kentucky Soybean Board, the South Dakota Soybean Research and Promotion
Council, Soyfoods Council, Cargill, and the United Soybean Board. Guest editors for
this symposium were Stephen Barnes and Mark Messina.

2This research was supported by National Institutes of Health Grant RO1
CA61742 and DOD Grants DAMD 17-98-1-8582 and DAMD 17-00-1-0118.

3 To whom correspondence should be addressed.
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opment plays a key role for cancer causation and prevention
in these tissues.

The most convincing evidence indicating that environ-
mental agents and early periods of development predispose for
breast cancer is radiation exposure. Women exposed as teen-
agers to ionizing radiation are more susceptible for breast
cancer than those exposed as adults (1,2). Moreover, early
pregnancy or early exposure to the hormones of pregnancy
reduces the incidence of breast/mammary cancer in women
and animal models (3-5). This demonstrates that the early
period of a woman’s life is crucial for predisposition to or for
protection against breast cancer.

Asian women consuming a diet high in soy products have
a low incidence of breast cancer (6,7), yet Asians who immi-
grate to the United States and adopt a Western diet lose this
protection. Soy-based diets are high in phytochemicals and
quantitative results indicate that isoflavone phytoestrogens are
normal constituents of human urine from subjects consuming
large amounts of soy products (tofu, soy flour, soy milk, tem-
peh, etc.) (8). Genistein is the predominant isoflavone phy-
toestrogen found in soy.
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FIGURE 1 Structure of genistein.

Genistein is a planar molecule with an aromatic A-ring, has
a second oxygen atom 11.5 A from the one in the A ring, and
has a molecular weight similar to those of the steroidal estro-
gens (Fig. 1). It has estrogenic properties in receptor binding
assays (9,10), cell culture (11,12), and uterine weight assays
(13-15). Genistein inhibits topoisomerase I (16), platelet-
activating factor- and epidermal growth factor-induced expres-
sion of c-fos (17), diacylglycerol synthesis (18), and tyrosine
kinases (19). It also inhibits microsomal lipid peroxidation
(20) and angiogenesis (21). Genistein exhibits antioxidant
properties (22-24) and was reported to induce differentiation
of numerous cell types (25-27). Most of these mechanistic
data were derived from in vitro studies.

Genistein and mammary cancer

To investigate the potential of perinatal genistein exposure
to protect against chemically induced mammary cancer, fe-
male Sprague-Dawley rats were fed 0, 25 and 250 mg
genistein/kg AIN-76A diet starting 2 wk before breeding (28).
Animal care and treatments were conducted in accordance
with established guidelines and protocols approved by the
University of Alabama at Birmingham Animal Care Commit-
tee. The dietary concentrations were chosen because they
yield serum genistein concentrations in rats similar to blood
genistein concentrations in men and women eating a diet high
in soy (28,29). After parturition, dams and offspring were fed
the same diets until time of weaning (d 21). From that time
onward, all female offspring from the three treatment groups
were fed AIN-76A diet only. At d 50 postpartum, dimethyl-
benz[alanthracene (DMBA)* (80 mg/kg body) was adminis-
tered by gavage to induce mammary tumors. Animals were
palpated for tumors and necropsied at 180 d after DMBA
treatment or when tumors developed to 2.5 cm in diameter.
Control animals (zero genistein, DMBA) developed approxi-
mately nine tumors, whereas dietary genistein suppressed
DMBA -induced mammary tumor development in a dose-de-
pendent manner. Rats exposed to 25 and 250 mg genistein/kg
AIN-76A diets had 7.1 and 4.3 mammary tumors, respectively
(Fig. 2). This dietary genistein chemoprevention study is
consistent with our previous work demonstrating that injec-
tions of pharmacologic doses of genistein during the neonatal
and prepubertal periods suppressed chemically induced mam-
mary tumor development (30,31). Recently, Hilakivi-Clarke
et al. (32) confirmed that prepubertal exposure to genistein
reduces mammary tumorigenesis.

In the next study, we addressed the possibility that
genistein exposure, via the dam during the prenatal period
only, might alter the female offspring’s susceptibility for mam-
mary cancer. One group of female rats was fed 250 mg
genisteinfkg AIN-76A diet during breeding and pregnancy. At
parturition, the dams and offspring were switched to AIN-76A

4 Abbreviations used: DMBA, dimethylbenz{alanthracene; EGF, epidermal
growth factor; ER, estrogen receptor; MNU, methylnitrosourea; TRAMP, trans-
genic mouse prostate adenocarcinoma.
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FIGURE 2 Ontogeny of palpable mammary tumors in female
Sprague-Dawley CD rats exposed perinatally to genistein in the diet.
Starting at time of breeding, dams were fed 0, 25 and 250 mg
genistein/kg AIN-76A diet. After weaning, the offspring were fed AIN-
76A diet only. On d 50 postpartum, female offspring were treated with
80 mg dimethylbenz[alanthracene (DMBA)/kg body. [Modified from
(28). Permission requested from Oxford University Press.]

diet without genistein supplement. The control group for this
experiment was made up of females fed AIN-76A diet from the
time of breeding throughout the experiment. Dietary exposure
to genistein, merely during the prenatal period, neither in-
creased mammary carcinogenesis nor conferred protection
against DMBA-induced (80 mg/kg body) mammary cancer
(Fig. 3). These data confirm our previous prenatal genistein
study using a lower dose of DMBA (40 mg/kg body) (29). Data
from Figures 2 and 3 show that the critical window for
genistein chemoprevention is the postnatal time of the peri-
natal period.

Prenatal Dietary Genistein Exposure
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FIGURE 3 Ontogeny of palpable mammary tumors in female off-
spring of Sprague-Dawley CD rats fed genistein in the diet during
pregnancy. Two groups of pregnant female rats (25 each) were fed 0 or
250 mg genistein/kg AIN-76A diet. At parturition both groups were fed
AIN-76A diet until the time of necropsy (230 d postpartum). All offspring
were treated with 80 mg DMBA/kg body on d 50 postpartum.
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FIGURE 4 Adult dietary genistein effect on palpable mammary
tumors in rats exposed prepubertally to genistein and as adults to
DMBA. Group 1 was fed control AIN-76A diet starting from parturition
and continued throughout the study (Zero/DMBA/Zero). Group 2 was
fed AIN-76A diet containing 250 mg genistein/kg diet, starting from
parturition through d 21 only and then AIN-76A onward (Gen/DMBA/
Zero). Group 3 was fed genistein-containing diet from parturition
through d 21, AIN-76A only through d 100 postpartum, and genistein-
containing diet (Gen/DMBA/Gen) from d 100. All rats received 80 mg
DMBA/kg body at d 50. Each group consisted of 25 rats.

Our data (Fig. 3) demonstrate that dietary genistein admin-
istered prenatally did not alter predisposition for mammary
cancer. In contrast, Hilakivi-Clarke et al. (33) reported that
injecting pregnant rats with genistein resulted in increased
susceptibility of the offspring for mammary cancer. We spec-
ulated that this apparent contradiction might be due to dif-
ferent routes of administration and bioavailability in the two
studies. Circulating genistein concentrations from 21-d fetal,
7-d neonatal and 21-d prepubertal rats exposed to 250 mg
genistein/kg AIN-76A diet were determined to be 43, 726 and
1810 nmol/L, respectively (28,29). This demonstrates geni-
stein bioavailability during postnatal life but poor bioavailabil-
ity prenatally. Also, we determined that ~46% of circulating
total genistein is free genistein 24 h after injection of rats (34).
This is in contrast to <2% being free (aglycone) genistein
from dietary administration (28). The bioavailability of in-
jected genistein is substantially greater than that of oral
genistein (23-fold). Hence, we conclude that route of admin-
istration and timing of exposure determines the metabolism,
bioavailability and biological action of genistein.

Because breast cancer has been demonstrated to be estro-
gen-dependent, we have been concerned that genistein, a
phytoestrogen, may contribute to mammary cancer develop-
ment. More specifically, women who have been diagnosed
with breast cancer inquire whether soy products, including
genistein, will protect from or cause a recurrence of their
cancer. We attempted to address this in a laboratory study.
Rats were fed AIN-76A diet = 250 mg genistein/kg diet at
three periods, and all females were treated intragastrically with
80 mg DMBA/kg body. As seen in Figure 4, rats exposed to
the control diet, AIN-76A only, from birth until the end of
the experiment (Zero/DMBA/Zero) had the highest average
number of tumors (9.0 tumors/rat). Rats exposed to genistein
from d 1 to 21 postpartum only (Gen/DMBA/Zero) developed
4.5 tumors, which confirms our earlier work (28). Animals
exposed to genistein from d 1 to 21 and 100 to 180 (Gen/
DMBA/Gen) developed the fewest number of tumors (2.8
tumorsfrat). The latter genistein feeding was initiated 50 d

after the DMBA treatment, the time of onset of palpable
mammary tumors. This demonstrates that genistein fed to
adult rats previously exposed prepubertally to genistein pro-
vided these rats with additional protection against mammary
cancer. Prepubertal genistein exposure seems to permanently
affect the animal or mammary gland in a way that determines
how that animal later responds to the same or similar chemical
stimuli. In this case, genistein fed during the prepubertal
period programmed future (adult) genistein response against
mammary cancer susceptibility.

Table 1 summarizes the relationship among dietary
genistein, timing of exposure and chemically induced mam-
mary cancer in rats. Limiting exposure to dietary genistein to
the prenatal or adult periods does not predispose or protect
against mammary cancer. In contrast, exposure to dietary
genistein during the prepubertal and prepubertal-plus-adult
periods protected against chemically induced mammary cancer
in rats. An epidemiological report using the Shanghai Cancer
Registry, a case-control study, has shown an inverse relation-
ship (50%) between adolescent (13-15 y old) soyfood intake
and breast cancer incidence later in life (35).

Genistein mechanism of action in the mammary gland

Analysis of mammary gland morphology in rats treated with
genistein revealed that its cellular mechanism of action is
enhancement of mammary gland differentiation (28-31). We
demonstrated that genistein administered to prepubertal rats
reduced the number of terminal end buds and increased the
number of lobules. Mammary terminal end buds are terminal
ductal structures found primarily in young animals (and hu-
mans) and contain many undifferentiated epithelial cells
(36,37). Terminal end buds are the most susceptible structures
to chemical carcinogens; lobules are the terminal ductal struc-
tures most differentiated and least susceptible to chemical
carcinogens.

Further evidence that genistein enhances differentiation
was obtained by measuring B-casein in mammary glands. B-ca-
sein is a 'milk protein and biomarker of mature mammary
glands and differentiated cells. Using Western blot analysis, we
found that prepubertal genistein treatment increased B-casein
expression in mammary glands of prepubertal and adult rats
(Fig. 5). In the adult rats, B-casein was measured 30 d after
genistein treatment.

One of the reasons cancer researchers have investigated

TABLE 1
Dietary genistein, timing of exposure and mammary cancer
chemoprevention
Relative
mammary tumor
Exposure period multiplicity1
No genistein 8.9
Prenatal genistein2 8.8
Adult genistein (after tumors)3 8.2
Prepubertal genistein4 43
Prepubertal and adult genistein3,4 2.8

Diets contained = 250 mg genistein/kg AIN-76A.

1 All rats were treated with 80 mg dimethylbenzfalanthracene/kg
body weight at d 50 postpartum.

2 Prenatal treatment is throughout gestation.

3 Adult treatment was initiated at 100 d postpartum.

4 Prepubertal treatment was from d 1 to 21 postpartum.
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FIGURE 5 B-casein expression in mammary glands of rats treated
prepubertally with genistein. Female Sprague-Dawley CD rats were
injected subcutaneously with 500 ug genistein/g body or an equivalent
volume of the vehicle, dimethylsulfoxide, on d 16, 18 and 20 postpar-
tum. Western blot analysis was carried out to measure p-casein ex-
pression in mammary glands of 21- and 50-d-old rats (six animals per
group). The B-casein antibody was a generous gift from Margaret
Benton and Michael Gould of the University of Wisconsin, Madison.

genistein as a chemopreventive agent is the reports that it
inhibits protein tyrosine kinases in vitro (18,19). As an ex-
tension of this, we investigated the potential of genistein to
regulate the epidermal growth factor (EGF) receptor in vivo.
In 21-d-old rats treated prepubertally with genistein, we found
increased EGF receptor expression in mammary terminal end
buds (38). Not only was this finding contrary to the in vitro
reports, but this was surprising because we expected a chemo-
preventive agent to down-regulate the expression of this
growth factor signaling pathway. However, when we extended
our studies to 50-d-old rats treated prepubertally with
genistein, we observed that EGF receptor expression was
down-regulated in terminal end buds of these rats. We inter-
preted this to mean that early in postnatal life, genistein
initially up-regulated the EGF-signaling pathway to enhance
mammary gland development that resulted in early mammary
gland differentiation. Reduced EGF signaling and decreased
cell proliferation at 50 d when the DMBA was given was
associated with reduced susceptibility to chemical carcinogen-
esis (28-31,36,37). Developmental modifications by a hor-
monally active chemical that result in altered biochemical or
behavioral responses later in life was defined as imprinting
(39-41). We speculate that down-regulated EGF receptor
signaling in mammary terminal end buds at the time of car-
cinogen exposure plays a role in reduced mammary cancer
development.

Genistein and mammary cancer chemoprevention summary

We have demonstrated that prepubertal and prepubertal-
plus-adult genistein exposures protect against chemically in-
duced mammary cancer in rats. We conclude that for genistein
to protect against breast cancer, initial exposure must occur
during the early sensitive period of mammary gland develop-
ment, that is, the neonatal through prepubertal periods. The
cellular mechanism of action of genistein is to enhance mam-
mary cell differentiation (28-31). One identified biochemical
mechanism is short-term and direct up-regulation of the EGF-
signaling pathway that plays a role in cell differentiation (38).
Paradoxically, this results in the epithelial cells of the mam-

mary terminal end buds of adult animals having reduced EGF
receptor expression. EGF signaling has been associated with
cell proliferation; hence, we believe that down-regulated EGF
receptor in adults contributes to the genistein chemopreven-
tion. In reference to genistcin in adults conferring additional
protection when given to rats previously exposed to genistein
compared with genistein-naive animals, we speculate that the
early developmental effects have altered the molecular blue-
print from which mammary cells respond to cancer initiators
and promoters. Our laboratory data are consistent with the
epidemiological report showing an inverse relationship be-
tween adolescent soyfood intake and breast cancer incidence
later in life (35). We conclude that the most sensitive period
for mammary cancer chemoprevention in the rat is the pre-
pubertal period and in the human is probably the adolescent
period.

Genistein and prostate cancer

Prostate cancer is the second leading cause of cancer death
in men. Epidemiological data indicate that the incidence and
mortality of prostate cancer arc considerably lower in Asian
populations than in U. S. and European populations (42), yet
the incidence of precancerous lesions is the same for these
populations (43). Upon emigration to the United States,
Asian men have a greater risk for developing prostate cancer,
and the earlier in life their arrival, the more closely their risk
approaches that of American men (44).

One of the major differences between Asian and Western
populations is diet. Asians have traditionally consumed a
soy-based diet containing isoflavones, resulting in higher
genistein concentrations in the blood and urine than those of
American men (45,46). Our goal was to investigate the po-
tential of genistein in the diet to protect against prostate
cancer.

For the first prostate chemoprevention study, Lobund-
Wistar rats were exposed to 0, 25 and 250 mg genistein/kg
AIN-76A diet starting at conception and continuing until
necropsy at age 11 mo (47). From d 50 to 66 postpartum, male
offspring were given 33 mg flutamide/kg body daily by gavage
to cause chemical castration. On d 67, 68 and 69, they were
injected daily with 25 mg testosterone/kg body to stimulate
mitosis. On d 70, all rats were anesthetized and 42 mg N-
methylnitrosourea (MNU)/kg body was injected into the dor-
sal prostate for cancer initiation. One week after MNU ad-
ministration, silastic implants of 25 mg testosterone were
administered (and replaced every 12 wk) to stimulate mitosis
and promote tumor growth. By age 40 wk, palpable prostate
tumors were detectable. Rats were necropsied when 48 wk old
or when they became moribund. In rats with small tumors, the
tumors were confined to the site of MNU injection, demon-
strating target organ specificity.

Rats fed the control diet, AIN-76A, and subjected to the
carcinogenesis protocol developed 86.4% incidence of prostate
tumors by 11 mo old (Fig. 6). Rats exposed to 25 and 250 mg
genistein/kg diet had tumor incidences of 77.8% and 63.0%,
respectively. The percentage of prostate tumors that were
classified as invasive adenocarcinomas in rats fed 0, 25 and 250
mg genisteinf/kg diet were 77.3%, 61.1% and 44.4%, respec-
tively. This was a dose-dependent significant decrease in pros-
tate adenocarcinoma development (47). We conclude that
lifetime dietary genistein protected against chemically induced
prostate cancer development in rats.

The second model used for investigating genistein chemo-
prevention of prostate cancer was a transgenic mouse model
that spontaneously develops prostate cancer, transgenic mouse
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FIGURE 6 Prostate cancer incidence in Lobund-Wistar rats fed
genistein in the diet. Lobund-Wistar rats were provided 0, 25 and 250
mg genistein/kg AIN-76A diet starting at conception. Male offspring
were treated with 33 mg flutamide/kg body by gavage on d 50-66 and
injected with 25 mg testosterone/kg on d 67-69; 42 mg methylnitro-
sourea/kg injected into the dorsolateral prostate on d 70; and 25-mg
testosterone implants were started on d 77 (and replaced every 12 wk).
Animals were necropsied when 48 wk old or when moribund. 2P = 0.04
compared with the AIN-76A diet group (Fisher exact test), and P = 0.03
by Cochran-Armitage trend test for tumor invasive adenocarcinomas.
[Data modified from (47). Permission granted from Eisevier Science
Ireland.]

prostate adenocarcinoma (TRAMP) (48). The TRAMP
mouse was developed by using the prostate-specific probasin
promoter to drive expression of the simian virus 40 early gene
in the prostatic epithelium. The SV40 T antigen (Tag) acts as
an oncoprotein through interactions with the p53 and retino-
blastoma tumor-suppressor gene products. All TRAMP mice
develop changes resembling human prostate intraepithelial
neoplasia and poorly differentiated tumors, ultimately devel-
oping prostatic adenocarcinomas that metastasize to distant
sites, primarily the lymph nodes, bone and lungs (49,50).

In our experiments (51), approximately one-half of the
transgenic male mice displayed well-differentiated prostatic
adenocarcinoma by 28 wk old; the other one-half was
divided between moderately differentiated and poorly dif-
ferentiated adenocarcinomas. To test the potential of
genistein to prevent poorly differentiated adenocarcinomas,
transgenic males were fed 0, 100, 250 or 500 mg genistein/kg
AIN-76A diet, starting at 5-6 wk old. Mice remained on the
diet until they were 28--30 wk old. The proportion of trans-
genic males that developed poorly differentiated adenocarci-
noma was significantly reduced in a dose-dependent manner
by dietary genistein (Fig. 7).

At necropsy, serum genistein concentration was deter-
mined and selected organs were weighed and prepared for
histopathological evaluation (51). Serum genistein concentra-
tions in mice on diets containing 0, 250 or 500 mg
genisteinfkg AIN-76A were 52 *+ 33, 139 =+ 70 and 397 = 105
nmol/L, respectively, comparable with those found in Asian
men on a regular soy diet (276 nmol/L) (45). As indicated by
body and organ weights, dietary genistein had no toxic effect
on TRAMP mice.

Sex steroid and growth factor signaling in the prostate

The interaction of sex steroid and growth factor signaling
pathways is believed to be critical in the process of develop-
ment and differentiation of hormone-responsive tissues and for
cancer in the prostate (52). However, whether steroid hor-
mones mediate the effects of growth factors or vice versa is
unclear. Sex steroid-induced epithelial cell proliferation and
differentiation have been associated with the coordinated in-
duction of several peptide growth factors and their receptors,
including some that are tyrosine kinase-dependent.

Nontransgenic and TRAMP mice were fed AIN-76A diet
until 6 wk old, when one group of 14 TRAMP mice was fed
250 mg genistein/kg diet. An equal number of TRAMP and
nontransgenic mice were fed AIN-76A diet only. At 12 wk
old, the three groups of mice were killed and the dorsolateral
prostates were collected. This is the period of prostate intra-
epithelial neoplasia and preneoplastic development in the
prostate of TRAMP mice but before development of adeno-
carcinoma tumor (48,53,54). RNA was isolated and reverse-
transcribed and the cDNA was amplified by polymerase chain
reaction. Relative quantitative differences in cDNA were de-
termined from data obtained during the exponential phase of
amplification. In comparing prostates of transgenic and non-
transgenic mice, we observed that androgen receptor, estrogen
receptors (ER-a and -B), progesterone receptor, EGF receptor,
transforming growth factor-q, insulin-like growth factor I and
extracellular regulating kinase-1 mRNA transcripts were sig-
nificantly higher in the transgenic mice (C. A. Lamartiniere
and J. Wang, unpublished data, 2001). We speculate that
increased sex steroid and growth factor signaling contribute to
the increased incidence of spontaneously developing prostate
cancer in transgenic mice.

In contrast, the prostates of transgenic mice fed the
genistein-containing diet had reduced androgen receptor,
ER-a, progesterone receptor, EGF-receptor, insulin-like
growth factor I and extracellular regulating kinase-1 mRNA
transcripts compared with prostates from TRAMP mice fed a

Spontaneously Developing
Prostate Tumors in TRAMP Mice
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FIGURE 7 Genistein reduces the incidence of mice with advanced
prostate tumors. The urogenital tract collected at necropsy was pre-
pared for pathological evaluation of the prostate by established criteria
(49,50). The results are the percentage of mice in each group with
prostates displaying poorly differentiated adenocarcinomas; ¥* test
revealed that the frequency of transgenic mouse prostate adenocarci-
noma (TRAMP) mice with poorly differentiated adenocarcinomas de-
creased significantly as a function of genistein in the diet (P = 0.041).
[Data from (51). Permission granted from American Association for
Cancer Research.]
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diet devoid of genistein (C. A. Lamartiniere and ]. Wang,
unpublished data, 2001). ER-B and transforming growth fac-
tor-a& mRNA were not altered by genistein. We speculate that
genistein down-regulates expression of specific proteins and
regulates cell proliferation and prostate cancer development.
Should this down-regulation be extended to these sex steroid
receptor and growth factor ligand and receptor proteins, this
could provide a biochemical mechanism for the suppression of
prostate cancer by genistein. Most interesting is that ER-B was
not modulated by genistein. Not only does genistein bind with
a greater affinity to ER-B than to ER-a (55), but the two ER
have been shown to signal in different ways depending on
ligand and response element. Also, ER-B is more involved in
cell differentiation and ER-a is more involved in cell prolif-
eration (56). Selective actions by genistein could explain both
prostate gland differentiation via ER-B activation and reduced
cell proliferation via down-regulated ER-a expression.

Genistein and prostate cancer summary

We demonstrated, in two animal models, that dietary phys-
iological amounts of genistein can protect against chemically
induced and spontaneously developing prostate cancers
(47,51). We presented evidence that dietary genistein regu-
lates, with specificity, sex steroid receptor and growth factor
ligand and receptor mRNA expression. We speculate that
these gene products contribute to chemoprevention of prostate
cancer by genistein. Because postpubettal genistein exposure
protects against prostate cancer development and can regulate
sex steroid and growth factor signaling in animal models, we
believe that genistein (or soy) can protect against prostate
cancer in men.

DISCUSSION

We have demonstrated that the primary isoflavone compo-
nent of soy, genistein, can protect against mammary (28-31)
and prostate (47,51) cancers in rodent models. For mammary
cancer protection, genistein exposure must first occur early in
postnatal life. The importance of early mammary gland differ-
entiation and carcinogenesis probably lies in pubertal devel-
opment and estrogen surge, leading to oxidative DNA damage
and cancer initiation. If the epithelial cells of the terminal end
buds are differentiated, they are less susceptible for cancer
(36,37). Also, we have demonstrated that early exposure to
genistein exerts an imprinting-like effect on EGF receptor
expression (38), a signaling pathway that plays a significant
role in cell proliferation and cancer ontogeny. Imprinting is
considered to set the pattern of gene expression early in
development from which the adult responds; the pattern in-
cludes regulation of steroid receptor mechanisms and signal
transduction. Consistent with this is the present demonstra-
tion that offspring imprinted early in life gain additional breast
cancer protection with adult dietary exposure. Furthermore,
we speculate that mammary cancer chemoprevention via cell
differentiation and imprinting is not restricted to genistein.
We believe that women imprinted by other means, for exam-
ple, pregnancy or other nutritional differentiating chemicals,
could benefit from ingesting soy as adults.

In reference to prostate cancer, we demonstrated that di-
etary genistein initiated at puberty suppressed spontaneously
developing prostate cancer in transgenic mice (51). Short-
term feeding of genistein from the pubertal to young adult
period was able to down-regulate specific sex steroid receptor
and growth factor ligand and receptor mRNA expression. We
demonstrated that it is not necessary to give pharmacologic

concentrations of genistein to get beneficial effects. TRAMP
mice fed genistein had serum genistein concentrations (125~
400 nmol/L) (51) comparable with blood genistein concen-
trations of Asians eating a traditional diet high in soy (276
nmol/L) (45,46). This supports our earlier report that di-
etary physiological amounts of genistein could regulate bio-
chemical actions in the prostate, that is, EGF receptor
expression in rats (57).
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